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T. Aaltonen,24 J. Adelman,14 T. Akimoto,56 B. Álvarez González,12,u S. Amerio,44b,44a D. Amidei,35 A. Anastassov,39
A. Annovi,20 J. Antos,15 G. Apollinari,18 A. Apresyan,49 T. Arisawa,58 A. Artikov,16 W. Ashmanskas,18 A. Attal,4
A. Aurisano,54 F. Azfar,43 W. Badgett,18 A. Barbaro-Galtieri,29 V. E. Barnes,49 B. A. Barnett,26 P. Barria,47c,47a
V. Bartsch,31 G. Bauer,33 P.-H. Beauchemin,34 F. Bedeschi,47a D. Beecher,31 S. Behari,26 G. Bellettini,47b,47a J. Bellinger,60
D. Benjamin,17 A. Beretvas,18 J. Beringer,29 A. Bhatti,51 M. Binkley,18 D. Bisello,44b,44a I. Bizjak,31,z R. E. Blair,2
C. Blocker,7 B. Blumenfeld,26 A. Bocci,17 A. Bodek,50 V. Boisvert,50 G. Bolla,49 D. Bortoletto,49 J. Boudreau,48
A. Boveia,11 B. Brau,11,b A. Bridgeman,25 L. Brigliadori,6b,6a C. Bromberg,36 E. Brubaker,14 J. Budagov,16 H. S. Budd,50
S. Budd,25 S. Burke,18 K. Burkett,18 G. Busetto,44b,44a P. Bussey,22 A. Buzatu,34 K. L. Byrum,2 S. Cabrera,17,w
C. Calancha,32 M. Campanelli,36 M. Campbell,35 F. Canelli,14,18 A. Canepa,46 B. Carls,25 D. Carlsmith,60 R. Carosi,47a
S. Carrillo,19,o S. Carron,34 B. Casal,12 M. Casarsa,18 A. Castro,6b,6a P. Catastini,47c,47a D. Cauz,55b,55a V. Cavaliere,47c,47a
M. Cavalli-Sforza,4 A. Cerri,29 L. Cerrito,31,q S. H. Chang,28 Y. C. Chen,1 M. Chertok,8 G. Chiarelli,47a G. Chlachidze,18
F. Chlebana,18 K. Cho,28 D. Chokheli,16 J. P. Chou,23 G. Choudalakis,33 S. H. Chuang,53 K. Chung,13 W.H. Chung,60
Y. S. Chung,50 T. Chwalek,27 C. I. Ciobanu,45 M.A. Ciocci,47c,47a A. Clark,21 D. Clark,7 G. Compostella,44a
M. E. Convery,18 J. Conway,8 M. Cordelli,20 G. Cortiana,44b,44a C.A. Cox,8 D. J. Cox,8 F. Crescioli,47b,47a
C. Cuenca Almenar,8,w J. Cuevas,12,u R. Culbertson,18 J. C. Cully,35 D. Dagenhart,18 M. Datta,18 T. Davies,22
P. de Barbaro,50 S. De Cecco,52a A. Deisher,29 G. De Lorenzo,4 M. Dell’Orso,47b,47a C. Deluca,4 L. Demortier,51 J. Deng,17
M. Deninno,6a P. F. Derwent,18 A. Di Canto,47b,47a G. P. di Giovanni,45 C. Dionisi,52b,52a B. Di Ruzza,55b,55a
J. R. Dittmann,5 M. D’Onofrio,4 S. Donati,47b,47a P. Dong,9 J. Donini,44a T. Dorigo,44a S. Dube,53 J. Efron,40 A. Elagin,54
R. Erbacher,8 D. Errede,25 S. Errede,25 R. Eusebi,18 H. C. Fang,29 S. Farrington,43 W. T. Fedorko,14 R. G. Feild,61
M. Feindt,27 J. P. Fernandez,32 C. Ferrazza,47d,47a R. Field,19 G. Flanagan,49 R. Forrest,8 M. J. Frank,5 M. Franklin,23
J. C. Freeman,18 I. Furic,19 M. Gallinaro,52a J. Galyardt,13 F. Garberson,11 J. E. Garcia,21 A. F. Garfinkel,49 P. Garosi,47c,47a
K. Genser,18 H. Gerberich,25 D. Gerdes,35 A. Gessler,27 S. Giagu,52b,52a V. Giakoumopoulou,3 P. Giannetti,47a K. Gibson,48
J. L. Gimmell,50 C.M. Ginsburg,18 N. Giokaris,3 M. Giordani,55b,55a P. Giromini,20 M. Giunta,47a G. Giurgiu,26
V. Glagolev,16 D. Glenzinski,18 M. Gold,38 N. Goldschmidt,19 A. Golossanov,18 G. Gomez,12 G. Gomez-Ceballos,33
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Evidence is reported for a narrow structure near the J=c threshold in exclusive Bþ ! J=cKþ
decays produced in pp collisions at
ffiffi
s
p ¼ 1:96 TeV. A signal of 14 5 events, with statistical
significance in excess of 3.8 standard deviations, is observed in a data sample corresponding to an
integrated luminosity of 2:7 fb1, collected by the CDF II detector. The mass and natural width
of the structure are measured to be 4143:0 2:9ðstatÞ  1:2ðsystÞ MeV=c2 and 11:7þ8:35:0ðstatÞ 
3:7ðsystÞ MeV=c2.
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Heavy quarkonium spectroscopy provides insight into
strong interactions that are not precisely predictable by
QCD theory. The recently discovered states that have
charmoniumlike decay modes [1–4] but are difficult to
place in the overall charmonium system have introduced
new challenges. The possible interpretations beyond
quark-antiquark states (q q) such as hybrid (q qg) and
four-quark states (q qq q) have revitalized interest in exotic
mesons in the charm sector [5–8]. An important tool in
unraveling the nature of the states in the charmonium-mass
region is the exploration of states in diverse channels. First,
the J=c final state, with positive C parity, and two JPC ¼
1 vector mesons (VV), is a good channel for an exotic
meson search. The discovery of the Xð3872Þ (proposed as a
four-quark state (c cq q) [7,8]) and Yð3930Þ [2], both decay-
ing into VV [9], suggests searching for other possible VV
states [10]. Second, the observation of Yð3930Þ near the
J=c! threshold motivates searches for similar phenomena
near the J=c threshold. Third, the observation of the
Yð4260Þ, a potential hybrid candidate [6], leads to an
expectation of a triplet of hybrid states JPC ¼ ð0; 1; 2Þþ
to lie nearby in mass [11,12], which would be accessible in
the J=c channel. Finally, other possibilities such as
glueballs [12] and nuclear-bound quarkonium [13] also
motivate a search in this channel. The J=c channel is
accessible in the decay mode Bþ ! J=cKþ, which has
been observed [14]. However, to date no results have been
reported for substructure in the J=c channel.
In this Letter, we report an investigation of the J=c
system produced in exclusive Bþ ! J=cKþ decays
with J=c ! þ and  ! KþK. The search in ex-
clusive Bþ decays is more sensitive than an inclusive
search since the additional Bþ mass constraint on the
J=cKþ system helps to reduce background. This analy-




1:96 TeV with an integrated luminosity of 2:7 fb1 col-
lected by the CDF II detector at the Tevatron. Charge
conjugate modes are included implicitly in this Letter.
The CDF II detector has been described in detail else-
where [15]. The important components for this analysis
include the tracking, muon, and time-of-flight (TOF) sys-
tems. The tracking system is composed of a silicon-strip
vertex detector (SVX) surrounded by an open-cell drift
chamber system called the central outer tracker (COT)
located inside a solenoid with a 1.4 T magnetic field. The
COT and SVX are used for the measurement of charged-
particle trajectories and vertex positions. In addition, the
COT provides ionization energy loss information, dE=dx,
used for particle identification (PID), while the TOF sys-
tem provides complementary PID information. The muon
system is located radially outside the electromagnetic and
hadronic calorimeters and consists of two sets of drift
chambers and scintillation counters. The central part of
the muon system covers the pseudorapidity region jj 
0:6 and detects muons with pT  1:4 GeV=c [16], and the
second part covers the region 0:6< jj< 1:0 and detects
muons with pT  2:0 GeV=c.
In this analysis, J=c ! þ events are recorded
using a dedicated three-level dimuon trigger. The first
trigger level requires two muon candidates with matching
tracks in the COT and muon systems. The second level
applies additional kinematic requirements to the muon pair
candidate. The third level requires the invariant mass of the
þ pair to be within the range of 2.7 to 4:0 GeV=c2.
Offline reconstruction of Bþ ! J=cKþ candidates
uses only tracks that pass standard CDF quality require-
ments and which have been corrected for ionization energy
loss for the muon or kaon hypothesis, as appropriate. The
Bþ ! J=cKþ candidates are reconstructed by combin-
ing a J=c ! þ candidate, a  ! KþK candidate,
and an additional charged track. All five tracks must form a
good quality 3D vertex, using a priori requirements typical
for B hadron reconstruction at CDF [17]. Preliminary event
selection requires a J=c candidate reconstructed using
opposite-sign muon candidates and a  candidate formed
from opposite-sign tracks to which we assign the kaon
mass. Masses of vector meson candidates must lie within
50 MeV=c2 of the J=c mass for muons or 7 MeV=c2
of the  mass for kaons. In the final Bþ reconstruction the
J=c is mass constrained, and the Bþ candidates must have
pT > 4 GeV=c.
To suppress combinatorial background, we use dE=dx
and TOF information to identify all three kaons in the final
state. The information is summarized in a log-likelihood
ratio (LLR), which reflects how well a candidate track can
be positively identified as a kaon relative to other hadrons
[18]. In addition, we require a minimum LxyðBþÞ for the
Bþ ! J=cKþ candidate, where LxyðBþÞ is the projec-
tion onto ~pTðBþÞ of the vector connecting the primary
vertex to the Bþ decay vertex. The primary vertex is
determined for each event using prompt tracks.
The LxyðBþÞ and LLR requirements for Bþ !
J=cKþ are then chosen to maximize S=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Sþ Bp , where
S is the number of Bþ ! J=cKþ signal events and B is
the number of background events in the J=cKþ mass
range of 5.0 to 5:6 GeV=c2 in the data. The values of S and
B are determined from an unbinned log-likelihood fit to the
mass spectrum of J=cKþ, for a given set of values of
LxyðBþÞ and LLR. AGaussian function is used to represent
the Bþ ! J=cKþ signal, where the mean value of the
Gaussian is fixed to the Bþ world-average mass value [19].
The Bþ mass resolution is fixed to the value 5:9 MeV=c2
obtained from Monte Carlo (MC) simulation [20]. A linear
function is used to model the background in the fit. The
requirements obtained by maximizing S=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Sþ Bp are
LxyðBþÞ> 500 m and LLR> 0:2. In order to study the




efficiency of the LxyðBþÞ and LLR selections, we also
reconstruct Bþ ! J=cKþ and B0s ! J=c as control
channels. We select approximately 50 000 Bþ ! J=cKþ
and 3000 B0s ! J=c events by applying similar require-
ments as for the J=cKþ channel but without the LxyðBþÞ
and LLR requirements. The efficiency for PID with the
LLR> 0:2 requirement is approximately 80% per kaon
and is reasonably flat as a function of kaon pT ; the effi-
ciency for LxyðBþÞ> 500 m is approximately 60%,
based on the Bþ ! J=cKþ control sample.
The invariant mass of J=cKþ after the LxyðBþÞ and
LLR requirements and J=c and  mass window require-
ments is shown in Fig. 1(a). A fit with a Gaussian signal
function and a flat background function to the mass spec-
trum of J=cKþ returns a Bþ signal of 75 10ðstatÞ
events. We select Bþ signal candidates with a mass within
3 (17:7 MeV=c2) of the nominal Bþ mass; the purity of
the Bþ signal in that mass window is approximately 80%.
The combinatorial background under the Bþ peak
includes B hadron decays such as B0s ! c ð2SÞ !
J=cþ, in which the pions are misidentified
as kaons. However, background events with misidenti-
fied kaons cannot yield a Gaussian peak at the Bþ mass
consistent with the 5:9 MeV=c2 mass resolution. The
kinematics are such that for the hypothesis Bþ !
J=cKþKKþ, only events with real kaons can produce
the observed Gaussian signal. Thus, with the Bþ mass
window selection the sample consists of real Bþ !
J=cKþKKþ decays over a small combinatorial
background.
Figure 1(b) shows the invariant mass distribution of
KþK pairs from þKþKKþ candidates within
3 of the nominal Bþ mass. The spectrum shown in
this figure has had the sidebands subtracted, but themass
window selection has not been applied. By fitting the
KþK mass spectrum to a P-wave relativistic Breit-
Wigner (BW) function [21] convoluted with a Gaussian
resolution function with the rms fixed to 1:3 MeV=c2
obtained from simulation, we obtain a mass of 1019:6
0:3 MeV=c2 and a width of 3:84 0:65 MeV=c2 with 2
probability of 28%, consistent with the world-average
values for the  meson [19]. The good fit indicates that
after the7 MeV=c2 selection on themass window, the
Bþ ! J=cKþKKþ final state is well described as
J=cKþ, with negligible contributions from
J=c f0ð980ÞKþ or J=cKþKKþ phase space.
We examine the effects of detector acceptance and
selection requirements using Bþ ! J=cKþ MC events
simulated by phase space distributions. The MC events are
smoothly distributed in the Dalitz plot and in the J=c
mass spectrum. Figure 2(a) shows the Dalitz plot of
m2ðKþÞ versus m2ðJ=cÞ, and Fig. 2(b) shows the
mass difference, M ¼ mðþKþKÞ mðþÞ,
for events in the Bþ mass window in our data sample.
We examine the enhancement in the M spectrum just
above J=c threshold, using 73 events with M<
1:56 GeV=c2. We exclude the high mass part of the spec-
trum to avoid combinatorial backgrounds from misidenti-
fied B0s ! c ð2SÞ ! ðJ=cþÞ decays.
We model the enhancement by an S-wave relativistic
BW function [22] convoluted with a Gaussian resolution
function with the rms fixed to 1:7 MeV=c2 obtained from
MC calculations, and use three—body phase space [19] to
describe the background shape. An unbinned likelihood fit
to the M distribution, as shown in Fig. 2(b), returns a
yield of 14 5 events, a M of 1046:3 2:9 MeV=c2,
and a width of 11:7þ8:35:0 MeV=c
2. We also fit the M
distribution to a single Gaussian with rms given by the
mass resolution (1:7 MeV=c2), plus phase space back-
ground, to test the hypothesis that the structure has zero
width. The statistical significance for a nonzero width
determined by the log-likelihood ratio between these two
fits is 3:4, indicating a strong decay for this structure.
We use the log-likelihood ratio of 2 lnðL0=LmaxÞ to
determine the significance of the structure at the J=c
threshold, whereL0 andLmax are the likelihood values for
)4/c2)  (GeVφψ(J/2m











































FIG. 2 (color online). (a) The Dalitz plot of m2ðKþÞ versus
m2ðJ=cÞ in the Bþ mass window. The boundary shows the
kinematic allowed region. (b) The mass difference, M, be-
tween þKþK and þ, in the Bþ mass window. The
dash-dotted curve is the background contribution and the red
solid curve is the total unbinned fit.
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FIG. 1 (color online). (a) The mass distribution of J=cKþ;
the solid line is a fit to the data with a Gaussian signal function
and flat background function. (b) The Bþ sideband-subtracted
mass distribution of KþK without the  mass window require-
ment. The solid curve is a P-wave relativistic Breit-Wigner fit to
the data.




the null hypothesis fit and signal hypothesis fit. Theffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi2 lnðL0=LmaxÞ
p
value is 5.3 for a pure three-body phase
space background shape assumption. To estimate the
probability that background fluctuations alone would give
rise to signals as significant as that seen in the data, we
simulate M spectra based on the background distribution
alone, and search for the most significant fluctuation in
each spectrum in the mass range of 1.02 to 1:56 GeV=c2,
with widths in the range of 1.7 (resolution) to 120 MeV=c2
(10 times of the observed width). From these spectra we
obtain the distribution for the quantity 2 lnðL0=LmaxÞ in
pure background samples, and compare this with the signal
in the data. We performed a total of 3:1 106 simulations
and found 29 trials with a 2 lnðL0=LmaxÞ value greater
than or equal to the value obtained in the data. The result-
ing p-value is 9:3 106, corresponding to a significance
of 4:3. Thus, the significance is decreased from a simple
estimate of 5:3 to 4:3 by taking into account the absence
of a prior prediction for the mass and width [23].
In the analysis described above, we assumed that the
backgrounds to the BW signal from both Bþ ! J=cKþ
decays and combinatorial events in the Bþ mass window
are described by three-body phase space. After making the
M< 1:56 GeV=c2 selection, we perform a fit to the
J=cKþ mass spectrum with a Gaussian Bþ signal and
an empirical linear background shape; from this fit we
determine that the 73 events within the final Bþ mass
window include 15 1 combinatorial background events
by scaling it from the entire J=cKþ mass range. We
model the Bþ events using three-body phase space as
above, but use a flat spectrum to describe the combinatorial
events. This increases the average background level at
small M and reduces the yield by one event. Theffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi2 lnðL0=LmaxÞ
p
value with this modeling of background
is 4.8. We performed a total of 1:1 106 simulations and
found 99 trials with a 2 lnðL0=LmaxÞ value greater than
or equal to the value we obtained in the data. The p-value
determined by this MC simulation is 9:0 105, about
3:8 significance.
The mass of this structure is 4143:0 2:9 MeV=c2 after
including the world-average J=c mass. To study the sys-
tematic uncertainties of the mass and width, we repeat the
fit to the M distribution while varying the background
shapes as described above, and separately switching to a
nonrelativistic BW function for a signal. The largest de-
viation from the nominal values are 1:2 MeV=c2 for M
and 3:7 MeV=c2 for the width. Therefore we assign a
systematic uncertainty of 1:2 MeV=c2 to the mass and
3:7 MeV=c2 to the width.
There is a small cluster of events approximately one
pion mass higher than the first structure, located around
1:18 GeV=c2 in Fig. 2(b). However, the statistical signifi-
cance of this cluster is less than 3. To investigate possible
reflections, we examine the Dalitz plot and projections into
Kþ and J=cKþ spectrum. We find no evidence for any
other structure in theKþ and J=cKþ spectrum; the only
structure [i.e. K2ð1770Þ] that has been claimed in the Kþ
spectrum by previous experiments is too broad to alter our
analysis [24].
In summary, the large sample of Bþ ! J=cKþ de-
cays (75 events) enables us to search for structure in the
J=c mass spectrum, and we find evidence for a nar-
row structure near the J=c threshold with a significance
in excess of 3:8. Assuming an S-wave relativistic BW
signal, the mass and width of this structure, including
systematic uncertainties, are measured to be 4143:0
2:9ðstatÞ  1:2ðsystÞ MeV=c2 and 11:7þ8:35:0ðstatÞ 
3:7ðsystÞ MeV=c2, respectively. It is well above the thresh-
old for open charm decays, so a c c charmonium meson
with this mass would be expected to decay into an open
charm pair dominantly and to have a tiny branching frac-
tion into J=c [5]. Thus, this structure does not fit con-
ventional expectations for a charmonium state. We note
that this structure decays to J=c just above the Jc
threshold, similar to the Yð3930Þ [2], which decays to
J=c! near the J=c! threshold. We therefore term it
Yð4140Þ.
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